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Simple Summary

Arsenic has been hypothesized to cause breast, prostate and colorectal cancers, although
there is a scarcity of evidence. The existing studies have mainly used food frequency
questionnaires to measure arsenic exposure and associate with these cancers, even though
that is a less reliable method. This study was designed to measure blood arsenic among
participants in the European Prospective Investigation into Cancer and Nutrition (EPIC)
Heidelberg case–cohort and investigate its association with the three cancers. Broadly, there
was no association between serum arsenic levels and breast, prostate and colorectal cancers.

Abstract

Background/Objectives: Background: The International Agency for Research on Cancer
has classified arsenic as a group 1 carcinogen of the lung, skin and bladder. Arsenic has
been implicated in the pathogenesis of breast, prostate, and colorectal cancers; however,
existing evidence is limited and inconsistent. Prospective studies, particularly those em-
ploying blood-based quantification of arsenic, remain scarce. This study aimed to address
this gap by investigating the association between serum arsenic levels and breast, prostate,
and colorectal cancers in the European Prospective Investigation into Cancer and Nutrition
(EPIC) Heidelberg case–cohort. Methods: Serum arsenic levels were measured using
inductively coupled mass spectrometry in 5360 participants aged 35–65 years, recruited
between 1994 and 1998. Over a median follow-up of 18 years (IQR: 17–19), 685 incident
cases of breast, 597 of prostate, and 284 of colorectal cancer occurred. Prentice-weighted Cox
proportional hazards regression models with age as the underlying time scale were used
to estimate hazard ratios and confidence intervals for associations between serum arsenic
levels and cancer risk. Results: No statistically significant association was found between
serum arsenic levels and breast cancer, either overall with HR 1.04 (95% Cl: 0.96–1.35)
or in subgroups based on pre- and post-menopausal status, estrogen/progesterone sta-
tus, or BMI. Similarly, serum arsenic levels were not statistically associated with prostate
cancer of HR 0.91 (95% Cl: 0.72–1.14). In contrast, a significant association with colon
cancer emerged in the second quartile with HR 0.12 (95% Cl: 0.02–0.61) and third quartile
with HR 0.19 (95% Cl: 0.05–0.73) compared to the first quartile but not in rectal cancer.
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Conclusions: More comparative studies on the different arsenic media and arsenic specia-
tion should be conducted to determine the impact of arsenic on these cancers.

Keywords: serum arsenic; breast cancer; prostate cancer; colorectal cancer; EPIC Heidelberg

1. Introduction
Breast, prostate and colorectal cancers remain among the most pressing global health

challenges, with substantial morbidity. The former is the most common cancer among
women worldwide, with about 2.3 million new cases and over 685,000 deaths in 2020 [1]. Its
development is influenced by a wide spectrum of risk factors spanning reproductive history,
endogenous hormone metabolism, exogenous hormone use, environmental, lifestyle factors
specifically BMI and smoking, and medical domains [2–4]; however, environmental factors
have been less extensively studied [5–7]. Of particular concern are endocrine-disrupting
chemicals (EDCs), which can interfere with hormone signaling pathways vital for breast
tissue development and tumor growth [8]. Studies indicate that arsenic exposure may play
a role in the development of breast cancer [9,10].

Prostate cancer is currently the second most frequently diagnosed cancer in men
worldwide [1]. Despite advances in diagnosis and treatment, the etiology of prostate cancer
remains only partially understood. A growing body of evidence suggests that disease devel-
opment reflects a multifaceted interaction between age, genetics, family history, smoking,
diet, physical activity, occupational factors, and certain medications like corticosteroids [11].
Increasing attention has focused on the role of potentially toxic elements (PTEs), which
may disrupt prostate cell function leading to cancer [12]. Colorectal cancer represents the
third most common global cancer diagnosis [1]. Established modifiable risk factors include
smoking, unhealthy diet, low fruit and vegetable intake, high alcohol intake, overweight,
and physical inactivity [13]. Emerging evidence implicates arsenic exposure as a contributor
to prostate and colorectal cancer development [14,15].

Long-term exposure to inorganic arsenic is a significant public health concern in re-
gions with frequent arsenic contamination of drinking water, including parts of South
Asia, Latin America, and certain United States areas [16]. The International Agency for
Research on Cancer [17] classified arsenic as a Group 1 carcinogen in 2012, with strong
evidence linking it to skin, lung, bladder, and liver cancers among individuals in highly
contaminated or occupational settings [17]. Despite these known connections, its link to
breast, prostate and colorectal cancers have been less explored and even less so in lowly
contaminated settings, leaving a significant gap in understanding low-dose exposure sce-
narios. Arsenic exposure in humans can be assessed through multiple pathways, including
urine, blood, hair, nails and Food Frequency Questionnaire (FFQ). Blood arsenic levels
are a promising biomarker for recent, integrated exposure to arsenic from both diet and
environment. Unlike urine, which reflects short-term arsenic intake mainly influenced by
seafood consumption (containing non-toxic organic arsenicals), blood measurements better
represent the internal dose relevant for toxicity and are less confounded [18].

Few epidemiological studies have directly examined the association between blood
arsenic and breast, prostate or colorectal cancer risk. To date, only one prospective epi-
demiological study has investigated the relationship between blood arsenic levels and
breast cancer risk, conducted in Poland. It reported that baseline blood arsenic exposure
was associated with a 13-fold increase in breast cancer risk among women with a family
history of the disease [10]. However, whether high blood arsenic levels similarly increase
the risk of primary breast cancer in women without family history of breast cancer remains
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unclear, underscoring the need for population-based research to clarify arsenic’s poten-
tial role in breast cancer development. Existing epidemiological studies investigating the
associations of blood arsenic concentrations with risks of prostate and colorectal cancers
are also limited, as they primarily focus on arsenic concentrations in drinking water and
dietary intake which are unreliable indicators due to their inability to estimate internal
dose levels. Although arsenic exposure can be measured through various methods, most
previous studies have relied on FFQ to estimate dietary arsenic exposure and examine its
association with these cancers. This approach is unreliable, highlighting the need for more
reliable assessments. This study aims to investigate the relationship between blood arsenic
levels and breast, prostate and colorectal cancers in the European Prospective Investigation
into Cancer and Nutrition (EPIC) Heidelberg cohort.

2. Materials and Methods
2.1. Study Characteristics

This research used a case–cohort design within the EPIC-Heidelberg cohort. EPIC-
Heidelberg serves as one of the study centers for the European Prospective Investigation
into Cancer and Nutrition, a large-scale cohort study that enrolled over 520,000 participants
across ten European countries. Participants have been followed for up to 20 years to
examine the relationships between dietary, metabolic, and lifestyle factors and the risk
of cancer as well as other chronic diseases [19]. The EPIC Heidelberg cohort comprises
25,546 participants (53% women; n = 13,617), aged 35–65 years, recruited between 1994 and
1998 from Heidelberg and surrounding regions. At baseline, information was collected on
health, diet, lifestyle, socioeconomic status, and reproductive history via questionnaires
and interviews using standardized and validated instruments [20–22]. Anthropometric
measurements, including height, weight, waist, and hip circumference, were measured.
Anthropometric examinations were undertaken by trained observers using standardized
methods, and calipers, anthropometers and digital scales were controlled for measurement
accuracy and technical correctness on a regular basis [23]. Blood samples were taken on
the day of baseline recruitment, regardless of fasting, and stored at +4 ◦C to +10 ◦C for up
to 24 h before processing. Samples were centrifuged and fractionated into plasma, serum,
erythrocytes, and buffy coat, then stored in liquid nitrogen at −196 ◦C. Serum samples
were used for the measurement of blood arsenic levels. Written informed consent was
obtained from all participants at baseline [19].

The study endpoints were breast, prostate and colorectal cancers. Incident cases
were identified through active follow-up of participants (directly or via next of kin) with
systematic verification of self-reported cancer using clinical records, and via linkage to
cancer and pathology registries. For this case–cohort analysis, we included all verified
incident cases of breast (International Classification of Disease (ICD)-10: C50; n = 685),
prostate (ICD-10: C61; n = 597), and colorectal cancer (ICD-10: C18–20; n = 284) diagnosed
up to December 2014. For breast cancer, tumor estrogen receptor (ER) and progesterone
receptor (PR) status was available. Participants with unavailable blood sample were
excluded and those with previous other malignant tumors, except non-melanoma skin
cancer, were censored at date of the previous tumor diagnosis. The comparison group is a
representative subset of the full cohort, referred to as the sub-cohort.

The procedures for laboratory measurements are described in Appendix A.1 and in
reference [19]. Measurement accuracy and precision were validated with a certified refer-
ence material (CRM), Clincheck Plasmonorm Serum Trace Elements Level 1. Cancer cases
and sub-cohort non-cases were randomly measured, with laboratory personnel blinded to
group allocation. The coefficient of variation (CV%) for intrabatch Quality Control (QC)
1 and interbatch QC2 was 4.23% and 5.05%, respectively, indicating good precision.
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2.2. Sub-Cohort Sampling

As illustrated in Appendix A Figure A1, a two-stage, age-stratified case–cohort sam-
pling strategy was applied within the EPIC-Heidelberg cohort to optimize efficiency in
specimen use and enable robust investigation of age-related outcomes. Case–cohort de-
signs minimize unnecessary use of biological specimens and financial costs for laboratory
analysis while allowing the study of multiple outcomes [24]. To enhance statistical power
for analyses of age-related effects, the design intentionally oversampled older participants
in the sub-cohort, in accordance with higher cancer occurrences among older individuals.
In the first sampling stage (2009), a 10% random selection of the entire baseline cohort
was undertaken. These participants were included in the initial case–cohort analyses of
chronic disease cases diagnosed up to December 2009 [25,26]. In the second stage (2014),
an additional 10% sample was drawn from participants who were aged >50 years at base-
line and had not been included in the first stage. The two samples were combined to
form the final sub-cohort of 3794 randomly selected participants. In addition to the sub-
cohort, 1566 incident cases of breast, prostate, and colorectal cancer diagnosed and verified
through the end of December 2014 were included in this analysis. For the current analyses,
3794 sub-cohort study participants and 1566 incident cases were included.

2.3. Statistical Analysis

Baseline characteristics of cases and the non-case sub-cohort were summarized as
median (interquartile range, IQR) for continuous covariates, and as frequencies and per-
centages for categorical covariates, and were further stratified by serum arsenic levels. We
first assessed the association between serum arsenic concentrations and potential main
factors of breast, prostate and colorectal cancers using a survey-weighted generalized linear
model (GLM) with 95% confidence intervals (CI). For the main analyses of serum arsenic
and the incidence of breast, prostate, and colorectal cancers, we used Prentice-weighted
Cox proportional hazards regression models with age as the underlying time scale to
estimate hazard ratios (HRs) and 95% Cls. Both crude and multivariable-adjusted HRs
were calculated. All sub-cohort observations were left-truncated at age at recruitment and
right-censored at the earliest of end of follow-up, death, or loss to follow-up. Cancer cases
were included at the time of diagnosis, following the Prentice weighting scheme, with
deaths from other causes accounted for.

Serum arsenic concentration was modeled in quartiles, with the lowest category as the
reference group, because arsenic values did not follow a normal distribution. Covariates
were retained in the multivariable models if they altered the HRs by more than 10%,
were significantly associated with either the exposure or the outcome, or were considered
important based on biological plausibility. The adjusted model for prostate and colorectal
cancers included level of education (primary, secondary, technical/professional, tertiary),
smoking status (never, former, current, unknown), alcohol use (never, former, current at
recruitment, lifetime), body-mass index (BMI, continuous), and physical activity (inactive,
moderately inactive, moderately active, active) as the covariates. In the breast cancer
model, adjustments were made for additional covariates such as parity status (nulliparous,
primiparous, multiparous), use of oral contraceptives or hormone replacement therapy
(HRT), breastfeeding history (yes, no), age at menarche (<12 years, 12–14, >14 years), and
family history of breast cancer (yes, no). Subgroup analyses were per formed to assess
associations between serum arsenic and breast cancer stratified by menopausal status at
baseline and at diagnosis, by tumor receptor status (ER/PR-positive vs. ER/PR-negative),
and by BMI. Values below the limit of detection (LOD ≤ 0.022 µg/L) were retained in
the main analysis to avoid inflating blood serum arsenic estimates. Sensitivity analysis
was further performed using LOD/2 for values below the detection limit to confirm the
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robustness of our findings. An additional analysis was equally conducted to adjust for
arsenic dietary proxies and verify the accuracy of the results. All statistical analyses were
conducted in R (version 4.5.1, R Project for Statistical Computing, RRID:SCR_001905, Posit
Software (R version 4.5.1), PBC, Boston, MA, USA). The software is available under the
GNU Affero General Public License version 3 (AGPL v3).

3. Results
3.1. Participant Characteristics

A total of 144 samples were excluded as they were designated for quality control, and
an additional 153 samples for being below the detection limit (≤0.022 µg/L) due to clogging,
leaving a total of 4939 viable samples. The final study population included 3567 sub-cohort
members, 645 breast cancer cases, 565 prostate cancer cases, and 272 colorectal cancer cases.
One additional subject was excluded due to an implausibly high serum arsenic level of
258 µg/L, resulting in a final sub-cohort of 3566 participants. Table 1 summarizes the
baseline characteristics of the EPIC-Heidelberg Case–Cohort participants. The median
follow-up time in the sub-cohort was 18 years (IQR: 17–19), and the median age at recruit-
ment was 54 years (IQR: 47–59). The sub-cohort comprised a slightly higher proportion
of women (52%) compared to men (48%). The median age at recruitment was 55 years
(IQR 49;59) for men and 53 years (IQR 44;58) for women. A comparable proportion of
both men and women (63% each) had attained a technical or tertiary level of education
at the time of recruitment. Among men, approximately half (42%) were former smokers,
whereas a higher proportion of women (54%) reported never having smoked. Majority of
the participants reported being lifetime alcohol drinkers.

Table 1. Baseline Characteristics of the Sub-Cohort and of Incident Cancer Cases in the
EPIC-Heidelberg cohort (media; IQR or N (%)).

Baseline Characteristic Total
Sub-Cohort Men Women Breast

Cancer
Prostate
Cancer

Colorectal
Cancer

(n = 3566) (n = 1730) (n = 1836) (n = 645) (n = 565) (n = 272)
Cancer cases in the sub-cohort 279 148 131 102 110 67

Age at recruitment 54 (47; 59) 55 (49; 59) 53 (44; 58) 54 (47; 58) 57 (54; 61) 58 (53; 61)
Age at diagnosis - - - 61 (54; 66) 67 (64; 71) 65 (60; 69)

Length of follow-up 18 (17; 19) 18 (17; 19) 18 (17; 19) 17 (16; 19) 18 (17; 19) 18 (17; 19)
Body mass index 26 (23; 29) 27 (24; 29) 25 (22; 28) 24 (22; 28) 27 (25; 29) 28 (25; 29)

Level of Education
Primary 1077 (30%) 542 (31%) 535 (29%) 163 (25%) 193 (34%) 100 (37%)

Secondary 220 (6%) 88 (6%) 132 (7%) 53 (8%) 15 (3%) 13 (5%)
Technical 1230 (34%) 469 (27%) 761 (41%) 257 (40%) 163 (29%) 88 (32%)
Tertiary 1039 (29%) 631 (36%) 408 (22%) 172 (27%) 194 (34%) 71 (26%)

Smoking Status
Never 1574 (44%) 580 (34%) 994 (54%) 334 (52%) 234 (41%) 92 (34%)

Formerr 1214 (34%) 732 (42%) 482 (26%) 192 (30%) 232 (41%) 112 (41%)
Current 768 (22%) 413 (24%) 355 (19%) 117 (18%) 98 (17%) 67 (25%)

Alcohol Use
Never drinker 57 (2%) 15 (1%) 42 (2%) 13 (2%) 3 (1%) 2 (1%)

Former drinker 120 (3%) 62 (4%) 58 (3%) 19 (3%) 21 (4%) 12 (4%)
Drinker at recruitment 40 (1%) 6 (0.4%) 34 (2%) 4 (1%) 1 (0%) 3 (1%)

Lifetime drinker 3348 (94%) 1646 (95%) 1702 (93%) 609 (94%) 540 (96%) 254 (93%)

3.2. Serum Arsenic Levels Stratified by the Baseline Characteristics

The distribution of serum arsenic levels overall and by sex is shown in Appendix A
Figure A2a,b. Serum arsenic levels were slightly higher among men, with the highest
median concentration observed in the ≥60 age group (0.88 µg/L), compared to women
across all age categories, as shown in Table 2. In terms of BMI status, serum arsenic
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distribution differed between sexes: among men, the highest levels (0.92 µg/L) were
observed in the underweight group, while among women, the highest concentrations
(0.90 µg/L) were found in the obese group. Regarding the level of education, the highest
serum arsenic levels were observed among both men and women who had a tertiary
level of education (0.87 µg/L). In terms of smoking status, former smokers reported the
highest serum arsenic levels among both men and women (0.85 µg/L). With respect to
alcohol usage, men that drank only at recruitment demonstrated the highest serum arsenic
levels (0.85 µg/L), while among women, both drinkers at recruitment and lifetime alcohol
drinkers exhibited the highest concentrations (0.83 µg/L).

Table 2. Median Arsenic Levels Stratified by Baseline Characteristics.

Characteristic Total
Sub-Cohort Men Women Breast

Cancer
Prostate
Cancer

Colorectal
Cancer

Age at recruitment
<50 0.83 (0.59–1.23) 0.85 (0.62–1.29) 0.81 (0.56–1.20) 0.83 (0.60–1.19) 0.72 (0.57–1.05) 0.69 (0.59–0.97)

50–59 0.83 (0.60–1.30) 0.83 (0.62–1.30) 0.82 (0.58–1.30) 0.86 (0.59–1.35) 0.90 (0.65–1.52) 0.89 (0.61–1.18)
≥60 0.85 (0.61–1.34) 0.88 (0.61–1.39) 0.83 (0.62–1.30) 0.81 (0.65–1.26) 0.84 (0.60–1.53) 0.84 (0.61–1.33)

BMI status
Underweight 0.86 (0.61–1.29) 0.92 (0.66–1.38) 0.84 (0.58–1.21) 0.86 (0.60–1.29) 0.83 (0.58–1.60) 0.88 (0.61–1.48)

Normal Weight 0.78 (0.57–1.21) 0.77 (0.57–1.19) 0.80 (0.57–1.22) 0.82 (0.62–1.43) 0.83 (0.60–1.25) 0.76 (0.55–1.09)
Overweight 0.83 (0.61–1.32) 0.84 (0.61–1.32) 0.81 (0.60–1.31) 0.80 (0.61–1.20) 0.86 (0.62–1.48) 0.84 (0.63–1.11)

Obese 0.86 (0.67–1.30) 0.68 (0.63–1.19) 0.90 (0.71–1.30) 0.64 (0.50–0.64) – 1.24 (1.11–1.37)
Level of education

Primary 0.80 (0.58–1.20) 0.84 (0.60–1.23) 0.78 (0.56–1.14) 0.76 (0.60–1.10) 0.79 (0.57–1.19) 0.76 (0.58–1.09)
Secondary 0.83 (0.59–1.29) 0.83 (0.62–1.28) 0.83 (0.58–1.29) 0.85 (0.60–1.35) 0.86 (0.68–1.37) 0.80 (0.63–1.11)
Technical 0.81 (0.61–1.27) 0.77 (0.61–1.39) 0.84 (0.60–1.21) 0.95 (0.66–1.28) 1.09 (0.66–1.88) 0.77 (0.63–1.18)
Tertiary 0.87 (0.63–1.38) 0.87 (0.63–1.39) 0.87 (0.63–1.35) 0.83 (0.60–1.31) 0.90 (0.60–1.79) 0.95 (0.62–1.51)

Smoking status
Never 0.81 (0.59–1.27) 0.79 (0.61–1.28) 0.81 (0.58–1.26) 0.84 (0.64–1.19) 0.76 (0.56–1.34) 0.88 (0.60–1.30)

Former 0.85 (0.61–1.30) 0.85 (0.60–1.29) 0.85 (0.61–1.31) 0.79 (0.58–1.21) 0.84 (0.62–1.42) 0.84 (0.60–1.17)
Current 0.83 (0.60–1.27) 0.87 (0.64–1.35) 0.81 (0.58–1.20) 0.84 (0.61–1.35) 0.90 (0.64–1.65) 0.78 (0.61–1.10)

Alcohol use
Never drinker 0.76 (0.58–1.02) 0.7 (0.43–1.17) 0.77 (0.59–0.96) 0.65 (0.58–0.93) 0.83 (0.83–0.83) 1.09 (0.86–1.13)

Former drinker 0.72 (0.53–1.15) 0.73 (0.51–1.16) 0.68 (0.57–1.03) 0.75 (0.67–0.99) 0.78 (0.54–1.44) 0.65 (0.60–0.94)
Drinker at recr. 0.84 (0.60–1.30) 0.85 (0.62–1.32) 0.83 (0.58–1.27) 0.83 (0.61–1.27) 0.86 (0.62–1.48) 0.84 (0.60–1.23)

Lifetime drinker 0.82 (0.50–1.01) 0.71 (0.51–0.90) 0.83 (0.51–1.01) 0.80 (0.52–1.16) 0.53 (0.47–0.68) 0.56 (0.46–0.67)

3.3. Factors Associated with Serum Arsenic Levels

As shown in Table 3, we used a general linear model to evaluate cancer-related
factors associated with serum arsenic levels in the sub-cohort. A one-unit increase in
BMI was significantly associated with a 0.26% decrease in serum arsenic. In contrast,
age was positively associated with serum arsenic levels, with each year increase in age
corresponding to a 0.19% increase in arsenic. Similarly, alcohol consumption was positively
associated with serum arsenic, with each additional g/d linked to a 0.13% increase. Level
of education demonstrated a graded effect: individuals in the tertiary level category had
serum arsenic levels 4.7% higher than those in the primary category. Family history of breast
cancer was also a significant predictor, with women reporting a second-degree relative
affected exhibiting 8.6% higher serum arsenic levels compared to those with first-relative
degree relatives. By contrast, parity status, breastfeeding, and oral contraceptive/HRT use
were not significantly associated with serum arsenic levels in the adjusted model.
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Table 3. Multivariate adjusted associations between cancer-related factors and serum arsenic levels
in the EPIC-Heidelberg sub cohort (N = 3566).

Variable Relative Change Lower 95% CI Upper 95% CI

Intercept 80.4912 62.1828 100.8663
BMI (continuous) −0.2621 −0.5046 −0.0191
Age at recruitment 0.1911 0.0409 0.3415
Alcohol intake (g/d) 0.1312 0.0779 0.1846
Parity status (ref: Nulliparous)

Primiparous −2.5903 −7.6459 2.7421
Multiparous −1.3697 −6.3421 3.8666
Grand multiparous −0.9527 −14.4162 14.6287

Breastfeeding (ref: no)
Yes −0.0248 −3.7918 3.8896

Education (ref: Primary)
Secondary 2.7817 −1.8465 7.6281
Technical/Professional 2.8401 0.0919 5.6637
Tertiary 4.7041 1.5888 7.9149

Oral contraceptive/HRT use (ref: no)
Yes 2.8103 −0.3025 6.0203

Family history of breast cancer (ref: no)
1st degree relative −3.1490 −6.5259 0.3498
2nd degree relative 8.5983 1.3454 16.3702

The model was adjusted for body mass index, age at recruitment, alcohol intake, parity status, breastfeeding,
education, use of oral contraceptives/HRT, and family history of breast cancer; were applicable.

3.4. Associations Between Serum Arsenic Levels and Breast, Prostate and Colorectal Cancers

Table 4 presents the associations between serum arsenic levels and breast cancer
risk. Using a crude Prentice-weighted Cox proportional hazards model, we observed
that serum arsenic appeared protective in the second and third quartiles compared to
the lowest quartile, with hazard ratios of HR_Q2 vs. Q1 = 0.86 (95% CI: 0.58–1.29) and
HR_Q3 vs. Q1 = 0.86 (95% CI: 0.58–1.27), respectively. In contrast, participants in the high-
est quartile exhibited a slightly higher risk, HR_Q4 vs. Q1 = 1.1 (95% CI: 0.76–1.61).
After adjusting for relevant covariates, the same pattern was observed, with the high-
est quartile showing a modestly elevated risk relative to the lowest quartile (HR: 1.04;
95% CI: 0.71–1.52). None of these associations reached statistical significance.

Exploratory analyses of menopausal status at baseline and at diagnosis
(Appendix A Tables A1 and A2) revealed variable patterns across quartiles among
menopausal groups (premenopausal and postmenopausal). In general, the highest quartile
was associated with an increased risk of breast cancer, although the HRs were not statisti-
cally significant. Specifically, the HRs were as follows: premenopausal at recruitment, HR
1.11 (95% CI: 0.86–1.45); postmenopausal status at recruitment, HR 1.02 (95% CI: 0.82–1.28);
premenopausal status at diagnosis, HR 1.15 (95% CI: 0.76–1.73); and postmenopausal status,
HR 1.03 (95% CI: 0.87–1.21).

Additional subgroup analyses by breast cancer receptor and BMI status exhibited pat-
terns similar to those observed in the other subgroup analysis (Appendix A Tables A3 and A4).
With respect to prostate cancer as illustrated in Table 4, higher serum arsenic levels were
non-significantly associated with an increased risk of prostate cancer. Specifically, com-
paring the highest to the lowest quartile, the HR was 1.13 (95% Cl: 0.95–1.34) in the basic
model and 1.14 (95% Cl: 0.96–1.35) in the adjusted model; however, these associations
did not reach statistical significance. Interestingly, levels of serum arsenic showed a non-
significant inverse association with risk of colorectal cancer with both crude and adjusted
HRs for the highest vs. lowest quartile being 0.91 (95% Cl: 0.72–1.14). As provided in
Appendix A Table A5, subgroup analysis by colorectal site revealed a statistically significant
protective association between blood arsenic levels and colon cancer in the second and
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third quantiles, with effect sizes of HR 0.12 (95% Cl: 0.02–0.61) and 0.19 (95% Cl: 0.05–0.73),
respectively. Additional analysis using LOD/2 for values below the detection limit and
adjusting for dietary arsenic proxies yielded results consistent with the main findings, as
shown in Appendix A Tables A6 and A7, respectively.

Table 4. Association between Serum Arsenic Levels and Breast, Prostate, and Colorectal cancers in
the EPIC-Heidelberg case–cohort (HR and 95%CI).

Cancer Type Q1 Q2 Q3 Q4 p-Trend

Breast cancer
Number of cases 145 172 166 162 –
Sub-cohort non-cases 434 429 434 437 –
Median arsenic (µg/L) 0.49 0.69 0.98 1.87 –

Crude model HR Ref 0.86 (0.58–1.29) 0.86 (0.58–1.27) 1.10 (0.76–1.61) 0.38
Adjusted model HR Ref 0.82 (0.54–1.23) 0.83 (0.56–1.23) 1.04 (0.71–1.52) 0.34

Prostate cancer
Number of cases 141 140 119 165 –
Sub-cohort non-cases 406 405 405 405 –
Median arsenic (µg/L) 0.51 0.72 1.03 1.94 –

Crude model HR Ref 1.04 (0.88–1.22) 1.55 (0.97–1.35) 1.13 (0.95–1.34) 0.29
Adjusted model HR Ref 1.02 (0.87–1.20) 1.15 (0.98–1.36) 1.14 (0.96–1.35) 0.31

Colorectal cancer
Number of cases 66 69 77 60 –
Sub-cohort non-cases 875 875 875 875 –
Median arsenic (µg/L) 0.50 0.71 1.00 1.91 –

Crude model HR Ref 0.94 (0.73–1.20) 0.88 (0.69–1.11) 0.91 (0.72–1.14) 0.37
Adjusted model HR Ref 0.95 (0.75–1.22) 0.87 (0.69–1.11) 0.91 (0.72–1.14) 0.45

The breast cancer model was adjusted for level of education, BMI, smoking status, alcohol use, parity status,
use of oral contraceptives/HRT, breastfeeding history, age at menarche, and family history of breast cancer. For
prostate and colorectal cancers, adjustments were made for level of education, BMI, alcohol use, smoking status
and physical activity.

4. Discussion
In our population-based prospective study, serum arsenic levels were not statistically

significantly associated with the risks of breast, prostate, or colorectal cancers after adjusting
for potential confounders.

In the current study, we were unable to establish a statistically significant association
between serum arsenic exposure and breast cancer, which is paradoxical to previous find-
ings. A comparative Polish prospective cohort found that elevated whole blood arsenic
levels increased breast cancer risk (HR: 13.2; 95% Cl 4.78–37) in women with a family history
of the disease [10]. Arsenic exposure has been shown to aggravate DNA double-strand
break (DSB) repair deficiencies, particularly in cells deficient in BRCA1 and BRCA2 [27,28].
This suggests that individuals harboring mutations in BRCA1 or BRCA2 may be more
susceptible to arsenic-induced impairments in DNA repair. The Polish study proposed
that a likely mechanistic explanation for their observed association is that arsenic mimics
estrogen-induced effects, contributing to breast cancer [29]. If this mechanism applied
broadly, similar results would have been expected in our study. We therefore hypothesized
that arsenic exposure may be more hazardous in DNA-deficient or compromised individ-
uals, which could explain why our population-based study did not identify a significant
association, in contrast to the Polish study, which focused specifically on women with a
family history of the disease. Consistently, the mean serum arsenic concentration in our
cohort was 1.27 µg/L, substantially lower than the mean level of 1.62 µg/L reported in
whole blood in the Polish cohort [10]. Similarly, findings from other perspective studies,
which employed various exposure media such as airborne, FFQ, and drinking water also
demonstrated a positive association between arsenic exposure and breast cancer [30–33].
However, there have been previous prospective studies using airborne or toenail-derived
arsenic that reported null findings, which align with the results of the present study on
blood levels [34,35]. The observed inconsistencies may be attributed to differences in pop-
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ulation characteristics, sample size, exposure pathways, arsenic species, and laboratory
techniques employed.

Our study did not find a statistically significant association between serum arsenic
exposure and prostate cancer risk, in contrast to a meta-analysis that reported a significant
association, with a pooled relative risk of 1.18 (1.06–1.30) [36]. Notably, none of the included
studies employed blood samples; rather, the investigations relied on urine, drinking water,
estimated intake from diet, and soil as the exposure materials. However, studies conducted
in Denmark and North Carolina reported a non-significant association between arsenic ex-
posure and prostate cancer risk, which is consistent with our findings [37,38]. Variations in
arsenic assessment may account for the differing results, as most previous studies employed
exogenous source of exposure, whereas the present study utilized endogenous arsenic.

Evidence regarding colorectal cancer remains limited and inconclusive. Overall, no
statistically significant association was observed between blood arsenic levels and colorectal
cancer in our study. However, subgroup analysis by colorectal site revealed that higher
blood arsenic levels were statistically protective against colon cancer in the second and
third quantiles relative to the first. Arsenic metabolites may remain longer in contact with
the colonocytes, since colon has a longer absorption transit time compared to rectum which
could explain these findings. A Danish prospective cohort found no clear association
between drinking water arsenic exposure and colorectal cancer, consistent with our general
results [37]. In contrast, evidence from Argentina demonstrated sex-specific effects, with
elevated arsenic in drinking water associated with increased colorectal cancer risk in
women but a protective effect in men [39]. The limited available evidence has primarily
used drinking water as the exposure biomarker, which may explain the discrepancies in
results. Moreover, the limited evidence suggesting a lack of association between arsenic
exposure and colorectal cancer indicates that arsenic exposure is unlikely to be a major
driver of the disease, particularly in areas with low-to-moderate exposure.

Arsenic, a naturally occurring metalloid, exists in organic and inorganic forms in
the environment [40]. Human exposure to arsenic can occur through various sources,
including drinking water, food, industrial processes, and tobacco smoke [41]. The more
toxic inorganic arsenic is often found in contaminated groundwater, industrial emissions,
and foods like rice and seafood [42]. The influence of these exposures on blood arsenic
levels remains unclear, as no published guidelines have been established for permissible
arsenic concentrations in the blood. Even so, evidence from clinical and epidemiological
studies suggests a recommended threshold of 1 µg/L [43]. In vitro studies indicate that
arsenic toxicity is influenced by the cells used in the treatment, the type of the animal
model utilized, and the uptake rate of the arsenic compounds under investigation [44].
The total estimated arsenic intake from food and beverages generally ranges between
20 and 300 µg/day. However, it remains unclear whether elevated dietary intake directly
correlates with increased arsenic levels in blood. Ambient inhalation of arsenic from air
is typically a minor route of exposure for the general population, with estimated daily
intakes of 20–200 ng for individuals in rural areas, 400–600 ng for residents of cities with
arsenic-industrial emission activities, and 1 µg to over 10 µg for non-smokers and smokers,
respectively, assuming a daily inhalation rate of 20 m3 [45,46].

Arsenic has been suggested to promote breast cancer carcinogenesis through mech-
anisms such as genotoxicity and DNA damage, chromosomal instability, and epigenetic
changes [47–49]. Furthermore, laboratory studies suggest arsenic mimics estrogen and may
act as an endocrine disruptor, particularly for hormone receptor-positive breast cancers
and especially in tumor initiation and progression [50]. In prostate cancer, arsenic has been
implicated in carcinogenesis through its ability to disrupt DNA repair mechanisms [15].
In colorectal cancer, in vitro studies have demonstrated that arsenic trivalent form and its
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metabolites may promote the disease through mechanisms involving oxidative stress, and
proinflammatory response [51].

The absence of detectable association in this study may be attributable to serum
arsenic levels in our cohort being insufficient (≤0.022 µg/L) to elicit measurable effects.
Some samples of low volume were excluded, which could have influenced the overall
sample composition. Specific concentrations of arsenic species, including inorganic arsenic,
monomethyarsonic, dimethylarsinic or pentavalent arsenic, were not measured, as the
inductively coupled mass spectrometer used did not allow for arsenic speciation despite
the known differential effects of these species. Hence, results should be addressed with
caution. Furthermore, the findings reflect short-term arsenic exposure, as arsenic has a
short half-life and is cleared from blood within 3 to 6 h. Thus, serum arsenic levels rather
reflect short- to mid-term rather than long-term exposure. An exception is continuous
high-level exposure to inorganic arsenic from sources such as drinking water or food like
fish, which can contribute to elevated arsenic blood levels, thereby reflecting the actual
tissue burden. To better determine the influence of individual arsenic species on cancer risk,
future studies should incorporate arsenic speciation. Repeated blood sample collection
and measurement of arsenic levels around the time of diagnosis were not available but
would allow further investigations into, so far, unknown areas. Despite these limitations,
this study is the first large-scale prospective study to assess the effects of serum arsenic and
risks of main cancers in a healthy population.

5. Conclusions
In conclusion, this prospective study found no evidence supporting an association

between blood arsenic exposure and breast, prostate, or colorectal cancers. As the second
blood-based arsenic prospective study, further research is warranted to clarify these hy-
pothesized associations. Additionally, arsenic speciation analyses are needed to determine
the potential effects of different arsenic metabolites on these cancers. A comparative analy-
sis of arsenic levels across different biological media, for example, blood compared with
urine, toenail and hair tissues, are warranted to evaluate potential associations between
arsenic levels and site-specific cancers. Lastly, since this research was carried out in the
EPIC-Heidelberg cohort, another implication for future research is the need for additional
studies in diverse cohorts and populations worldwide to examine cancer outcomes.
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Abbreviations
The following abbreviations are used in this manuscript:

BMI Body Mass Index
BRCA Breast cancer susceptibility protein
CI Confidence Interval
CRM Certified Reference Material
CV Coefficient of Variation
DSB DNA double-strand break
EDC Endocrine-Disrupting Chemicals
EPIC European Prospective Investigation into Cancer and Nutrition
ER Estrogen receptor
FFQ Food Frequency Questionnaire
GLMs Generalized Linear Models
HR Hazard Ratio
HRT Hormone Replacement Therapy
IARC International Agency for Research on Cancer
ICD International Classification of Disease
IQR InterQuartile Range
QC Quality control
PR Progesterone Receptor
PTEs Potentially Toxic Elements

Appendix A
Appendix A.1. A Detailed Description of Serum Arsenic Measurement

The collected serum was left at room temperature for at least 30 min but no longer than
2 h to facilitate clotting, then centrifuged at 1300 G for 12 min. Subsequently, the serum was
transferred to cryovials and stored in a −80 ◦C freezer. On the day of testing, they were
thawed, vortexed, and centrifuged at 5000 G for 5 min before measuring arsenic levels.
Arsenic (75As) levels were measured using an inductively coupled mass spectrometer,
Nexion 350D (PerkinElmer). Before each analysis, the instrument was tuned according
to the manufacturer’s standards. Helium served as the collision gas. The spectrometer
was calibrated with an external calibration approach. Standards were freshly prepared
daily from a 10 µg/mL Multi-Element Calibration Standard 3 (PerkinElmer, Shelton, CT,
USA), diluted with blank reagent to final concentrations of 0, 0.48, 0.99, and 1.98 µg/L for
arsenic detection. Calibration curve correlation coefficients consistently exceeded 0.999.
A matrix-matched calibration was used. The analysis involved a 40-fold dilution of serum
with blank reagent, composed of high-purity water (>18 MΩ), TMAH (Alfa Aesar, Ward
Hill, MA, USA), Triton X-100 (PerkinElmer), n-butanol (Merck, Rahway, NJ, USA), and
EDTA (Sigma-Aldrich, Saint Louis, MO, USA).
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Figure A1. Graphical representation of the selection process of the EPIC-Heidelberg Case–Cohort.
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(a) 
 

(b) 

Figure A2. (a) Histogram with an overlaid density plot showing the distribution of blood serum
arsenic levels among subcohort participants. (b) Histogram with an overlaid density plot showing
the distribution of blood serum arsenic levels among subcohort participants, by sex.
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Table A1. Association between Serum Arsenic Levels and Breast Cancer Risk by Menopausal Status
at Baseline.

Quartile of Arsenic p-Trend

Q1 Q2 Q3 Q4

Premenopausal
Number of cases 44 61 56 53
Sub-cohort non-cases 151 145 150 150
Median arsenic (µg/L) 0.47 0.67 0.93 1.80

Crude HR (95% CI) Ref 1.06 (0.80–1.41) 0.83 (0.63–1.09) 1.12 (0.86–1.45) 0.38
Adjusted HR (95% CI) Ref 1.01 (0.76–1.35) 0.85 (0.64–1.11) 1.11 (0.86–1.45) 0.34

Postmenopausal
Number of cases 81 79 76 82
Sub-cohort non-cases 218 216 220 217
Median arsenic (µg/L) 0.49 0.71 1.00 1.90

Crude HR (95% CI) Ref 0.98 (0.79–1.22) 1.06 (0.85–1.32) 1.05 (0.84–1.31) 0.96
Adjusted HR (95% CI) Ref 0.93 (0.75–1.17) 1.10 (0.88–1.37) 1.02 (0.82–1.28) 0.78

The model was adjusted for level of education, BMI, smoking status, alcohol use, parity status, use of oral
contraceptives/HRT, breastfeeding history, age at menarche, and family history of breast cancer.

Table A2. Association between Serum Arsenic Levels and Breast Cancer Risk by Menopausal Status
at Diagnosis.

Quartile of Arsenic p-Trend

Q1 Q2 Q3 Q4

Premenopausal
Number of cases 25 26 21 19
Sub-cohort non-cases 456 455 455 456
Median arsenic (µg/L) 0.49 0.69 0.98 1.87

Crude HR (95% CI) Ref 0.89 (0.59–1.36) 0.91 (0.60–1.38) 1.17 (0.78–1.76) 0.55
Adjusted HR (95% CI) Ref 0.83 (0.54–1.27) 0.94 (0.62–1.43) 1.15 (0.76–1.73) 0.37

Postmenopausal
Number of cases 120 146 145 143
Sub-cohort non-cases 437 437 437 437
Median arsenic (µg/L) 0.48 0.69 0.98 1.87

Crude HR (95% CI) Ref 1.05 (0.89–1.25) 0.94 (0.79–1.11) 1.04 (0.88–1.22) 0.82
Adjusted HR (95% CI) Ref 1.01 (0.85–1.20) 0.95 (0.80–1.12) 1.03 (0.87–1.21) 0.88

The model was adjusted for level of education, BMI, smoking status, alcohol use, parity status, use of oral
contraceptives/HRT, breastfeeding history, age at menarche, and family history of breast cancer.

Table A3. Association between Serum Arsenic Levels and Breast Cancer Risk by Receptor Type.

Quartile of Arsenic p-Trend

Q1 Q2 Q3 Q4

ER/PR+
Number of cases 114 118 121 106
Sub-cohort non-cases 442 442 442 442
Median arsenic (µg/L) 0.48 0.69 0.98 1.87

Crude HR (95% CI) Ref 0.93 (0.77–1.12) 0.95 (0.79–1.14) 0.98 (0.82–1.18) 0.32
Adjusted HR (95% CI) Ref 1.03 (0.87–1.23) 0.94 (0.79–1.11) 1.03 (0.87–1.21) 0.98

ER/PR−
Number of cases 16 30 27 31
Sub-cohort non-cases 454 454 453 454
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Table A3. Cont.

Quartile of Arsenic p-Trend

Q1 Q2 Q3 Q4

Median arsenic (µg/L) 0.49 0.69 0.99 1.87
Crude HR (95% CI) Ref 1.51 (0.99–2.29) 0.78 (0.52–1.16) 1.27 (0.88–1.85) 0.14
Adjusted HR (95% CI) Ref 1.47 (0.96–2.25) 0.78 (0.52–1.16) 1.27 (0.87–1.86) 0.17

The model was adjusted for level of education, BMI, smoking status, alcohol use, parity status, use of oral
contraceptives/HRT, breastfeeding history, age at menarche, and family history of breast cancer.

Table A4. Association between Serum Arsenic Levels and Breast Cancer Risk by BMI Status.

Quartile of Arsenic p-Trend

Q1 Q2 Q3 Q4

≤24.9
Number of cases 93 87 86 87
Sub-cohort non-cases 357 356 356 356
Median arsenic (µg/L) 0.50 0.73 1.03 1.95

Crude HR (95% CI) Ref 0.94 (0.77–1.16) 1.04 (0.84–1.28) 1 (0.81–1.24) 0.14
Adjusted HR (95% CI) Ref 0.98 (0.8–1.21) 0.99 (0.81–1.23) 1.03 (0.83–1.28) 0.99

>25
Number of cases 63 93 66 70
Sub-cohort non-cases 466 571 474 529
Median arsenic (µg/L) 0.48 0.69 0.98 1.85

Crude HR (95% CI) Ref 0.93 (0.74–1.19) 0.91 (0.72–1.15) 1.12 (0.89–1.4) 0.48
Adjusted HR (95% CI) Ref 0.95 (0.74–1.2) 0.89 (0.7–1.12) 1.16 (0.92–1.46) 0.45

The model was adjusted for level of education, smoking status, alcohol use, parity status, use of oral contracep-
tives/HRT, breastfeeding history, age at menarche, and family history of breast cancer.

Table A5. Association between Serum Arsenic Levels and Colorectal Cancer Risk by Colon Site.

Quartile of Arsenic p-Trend

Q1 Q2 Q3 Q4

Colon cancer
Number of cases 43 41 54 29
Sub-cohort non-cases 857 898 886 885
Median arsenic (µg/L) 0.49 0.70 1.00 1.91

Crude HR (95% CI) Ref 0.11 (0.02–0.59) 0.19 (0.05–0.71) 0.44 (0.19–1.01) 0.06
Adjusted HR (95% CI) Ref 0.12 (0.02–0.61) 0.19 (0.05–0.73) 0.44 (0.19–1.01) 0.07

Rectal cancer
Number of cases 20 23 17 29
Sub-cohort non-cases 865 903 892 881
Median arsenic (µg/L) 0.49 0.70 1.00 1.91

Crude HR (95% CI) Ref 6.46 (0.62–66.77) 4.62 (0.59–35.96) 2.11 (0.61–7.3) 0.21
Adjusted HR (95% CI) Ref 5.58 (0.54–58.04) 3.94 (0.5–30.84) 1.94 (0.56–6.73) 0.20

The model was adjusted for level of education, BMI, alcohol use, smoking status and physical activity.
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Table A6. Association between Serum Arsenic Levels (LOD/2) and Breast, Prostate, and Colorectal
cancers.

Cancer Type Q1 Q2 Q3 Q4 p-Trend

Breast cancer
Number of cases 145 172 166 162 –
Sub-cohort non-cases 434 429 434 437 –
Median arsenic (µg/L) 0.49 0.69 0.98 1.87 –

Crude model HR Ref 1.02 (0.87–1.19) 0.93 (0.80–1.08) 1.06 (0.91–1.24) 0.97
Adjusted model HR Ref 0.96 (0.81–1.14) 0.97 (0.82–1.15) 1.05 (0.89–1.24) 0.61

Prostate cancer
Number of cases 141 140 119 165 –
Sub-cohort non-cases 404 412 403 401 –
Median arsenic (µg/L) 0.50 0.72 1.03 1.94 –

Crude model HR Ref 1.04 (0.88–1.22) 1.17 (0.99–1.38) 1.14 (0.96–1.36) 0.98
Adjusted model HR Ref 1.02 (0.87–1.20) 1.17 (0.99–1.39) 1.15 (0.97–1.36) 0.59

Colorectal cancer
Number of cases 66 69 76 61 –
Sub-cohort non-cases 873 878 872 875 –
Median arsenic (µg/L) 0.50 0.71 1.01 1.91 –

Crude model HR Ref 0.95 (0.74–1.21) 0.89 (0.7–1.13) 0.91 (0.73–1.15) 0.98
Adjusted model HR Ref 0.96 (0.75–1.23) 0.89 (0.7–1.13) 0.91 (0.72–1.15) 0.73

The breast cancer model was adjusted for level of education, BMI, smoking status, alcohol use, parity status,
use of oral contraceptives/HRT, breastfeeding history, age at menarche, and family history of breast cancer. For
prostate and colorectal cancers, adjustments were made for level of education, BMI, alcohol use, smoking status
and physical activity.

Table A7. Sensitivity analysis of blood serum arsenic—breast, prostate and colorectal cancers associa-
tions adjusted for arsenic dietary proxies.

Cancer Type Q1 Q2 Q3 Q4 p-Trend

Breast cancer
Number of cases 145 172 166 162 –
Sub-cohort non-cases 434 429 434 437 –
Median arsenic (µg/L) 0.49 0.69 0.98 1.87 –

Crude model HR Ref 1.02 (0.87–1.19) 0.93 (0.8–1.08) 1.06 (0.91–1.24) 0.97
Adjusted model HR Ref 1.05 (0.89–1.24) 1.18 (1–1.39) 1.15 (0.97–1.37) 0.25

Prostate cancer
Number of cases 141 142 117 165 –
Sub-cohort non-cases 404 412 403 401 –
Median arsenic (µg/L) 0.50 0.72 1.03 1.94 –

Crude model HR Ref 1.04 (0.88–1.22) 1.17 (0.99–1.38) 1.14 (0.96–1.36) 0.39
Adjusted model HR Ref 1.05 (0.89–1.24) 1.18 (1–1.39) 1.15 (0.97–1.36) 0.25

Colorectal cancer
Number of cases 66 69 76 61 –
Sub-cohort non-cases 873 878 872 875 –
Median arsenic (µg/L) 0.50 0.71 1.01 1.91 –

Crude model HR Ref 0.94 (0.74–1.21) 0.89 (0.7–1.13) 0.91 (0.72–1.15) 0.43
Adjusted model HR Ref 1 (0.78–1.29) 0.89 (0.7–1.14) 0.91 (0.72–1.15) 0.72

Models were additionally adjusted for arsenic dietary proxies: rice, fish and shellfish, non-alcoholic beverages,
and water, in addition to the afore-adjusted covariates.
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Dębniak, T.; et al. Blood arsenic levels and the risk of familial breast cancer in Poland. Int. J. Cancer 2020, 146, 2721–2727.
[CrossRef] [PubMed]

11. Bergengren, O.; Pekala, K.R.; Matsoukas, K.; Fainberg, J.; Mungovan, S.F.; Bratt, O.; Bray, F.; Brawley, O.; Luckenbaugh, A.N.;
Mucci, L.; et al. 2022 Update on Prostate Cancer Epidemiology and Risk Factors—A Systematic Review. Eur. Urol. 2023, 84,
191–206. [CrossRef] [PubMed]

12. Ahn, J.; Boroje, I.J.; Ferdosi, H.; Kramer, Z.J.; Lamm, S.H. Prostate Cancer Incidence in U.S. Counties and Low Levels of Arsenic in
Drinking Water. Int. J. Environ. Res. Public Health 2020, 17, 960. [CrossRef] [PubMed]

13. World Cancer Research Fund and the American Institute for Cancer Research. Diet, Nutrition, Physical Activity and Colorectal
Cancer: Continuous Update Project Expert Report; World Cancer Research Fund International: London, UK, 2018.

14. Chiocchetti, G.M.; Vélez, D.; Devesa, V. Effect of chronic exposure to inorganic arsenic on intestinal cells. J. Appl. Toxicol. 2019, 39,
899–907. [CrossRef]

15. Román, M.D.; Niclis, C.; Aballay, L.R.; Lantieri, M.J.; Díaz, M.D.P.; Muñoz, S.E. Do Exposure to Arsenic, Occupation and Diet
have Synergistic Effects on Prostate Cancer Risk? Asian Pac. J. Cancer Prev. 2018, 19, 1495–1501. [CrossRef]

16. Naujokas, M.F.; Anderson, B.; Ahsan, H.; Aposhian, H.V.; Graziano, J.H.; Thompson, C.; Suk, W.A. The broad scope of health
effects from chronic arsenic exposure: Update on a worldwide public health problem. Environ. Health Perspect. 2013, 121, 295–302.
[CrossRef]

17. IARC. Arsenic, Metals, Fibres, and Dusts; IARC Monographs on the Evaluation of Carcinogenic Risks to Humans; IARC: Lyon,
France, 2012; Volume 100C, 512p.

18. Hughes, M.F. Biomarkers of exposure: A case study with inorganic arsenic. Environ. Health Perspect. 2006, 114, 1790–1796.
[CrossRef]

19. Riboli, E.; Hunt, K.J.; Slimani, N.; Ferrari, P.; Norat, T.; Fahey, M.; Charrondière, U.; Hémon, B.; Casagrande, C.; Vignat, J.; et al.
European Prospective Investigation into Cancer and Nutrition (EPIC): Study populations and data collection. Public Health Nutr.
2002, 5, 1113–1124. [CrossRef] [PubMed]

20. Wareham, N.J.; Jakes, R.W.; Rennie, K.L.; Schuit, J.; Mitchell, J.; Hennings, S.; Day, N.E. Validity and repeatability of a simple
index derived from the short physical activity questionnaire used in the European Prospective Investigation into Cancer and
Nutrition (EPIC) study. Public Health Nutr. 2003, 6, 407–413. [CrossRef]

21. Spencer, E.A.; Appleby, P.N.; Davey, G.K.; Key, T.J. Validity of self-reported height and weight in 4808 EPIC-Oxford participants.
Public Health Nutr. 2002, 5, 561–565. [CrossRef] [PubMed]

22. Kroke, A.; Klipstein-Grobusch, K.; Voss, S.; Möseneder, J.; Thielecke, F.; Noack, R.; Boeing, H. Validation of a self-administered
food-frequency questionnaire administered in the European Prospective Investigation into Cancer and Nutrition (EPIC) Study:
Comparison of energy, protein, and macronutrient intakes estimated with the doubly labeled water, urinary nitrogen, and
repeated 24-h dietary recall methods. Am. J. Clin. Nutr. 1999, 70, 439–447. [CrossRef]

https://doi.org/10.3390/cancers18030511

https://doi.org/10.3322/caac.21660
https://doi.org/10.1186/s12940-017-0287-4
https://doi.org/10.31557/APJCP.2020.21.4.867
https://www.ncbi.nlm.nih.gov/pubmed/32334446
https://doi.org/10.1155/2018/5610462
https://doi.org/10.1093/carcin/bgx003
https://doi.org/10.1186/s12885-025-13638-7
https://doi.org/10.1007/s10911-013-9275-7
https://doi.org/10.1515/reveh-2020-0080
https://doi.org/10.1002/ijc.32595
https://www.ncbi.nlm.nih.gov/pubmed/31348523
https://doi.org/10.1016/j.eururo.2023.04.021
https://www.ncbi.nlm.nih.gov/pubmed/37202314
https://doi.org/10.3390/ijerph17030960
https://www.ncbi.nlm.nih.gov/pubmed/32033184
https://doi.org/10.1002/jat.3778
https://doi.org/10.22034/APJCP.2018.19.6.1495
https://doi.org/10.1289/ehp.1205875
https://doi.org/10.1289/ehp.9058
https://doi.org/10.1079/PHN2002394
https://www.ncbi.nlm.nih.gov/pubmed/12639222
https://doi.org/10.1079/PHN2002439
https://doi.org/10.1079/PHN2001322
https://www.ncbi.nlm.nih.gov/pubmed/12186665
https://doi.org/10.1093/ajcn/70.4.439
https://doi.org/10.3390/cancers18030511


Cancers 2026, 18, 511 18 of 19

23. Haftenberger, M.; Lahmann, P.H.; Panico, S.; Gonzalez, C.A.; Seidell, J.C.; Boeing, H.; Giurdanella, M.; Krogh, V.; Bueno-De-
Mesquita, H.; Peeters, P.; et al. Overweight, obesity and fat distribution in 50- to 64-year-old participants in the European
Prospective Investigation into Cancer and Nutrition (EPIC). Public Health Nutr. 2002, 5, 1147–1162. [CrossRef]

24. Marciniak, W.; Matoušek, T.; Domchek, S.; Paradiso, A.; Patruno, M.; Irmejs, A.; Roderte, I.; Derkacz, R.; Baszuk, P.;
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